We aimed to determine if prematurity and lower birth weight are associated with poorer lung function in a non-western developed setting with less marked confounding by socioeconomic position. Using multivariable linear regression in Hong Kong's "Children of 1997" birth cohort, adjusted associations of prematurity and birth weight with forced expiratory volume in 1 second (FEV 1 ), forced vital capacity (FVC), and forced expiratory flow at 25-75% of the pulmonary volume (FEF 25-75% ) at ~17.5 years were assessed. Associations for birth weight were stronger in boys for FEV 1 (boys: 0.31 L, 95% confidence interval (CI) 0.24 to 0.38, girls: 0.18 L, 95% CI 0.12 to 0.25), FVC (boys: 0.36 L, 95% CI 0.27 to 0.44, girls: 0.22 L, 95% CI 0.15 to 0.28) and FEF 25-75% (boys: 0.35 L, 95% CI 0.21 to 0.49, girls: 0.22 L, 95% CI 0.09 to 0.34) adjusted for age, socioeconomic position and infant and maternal characteristics. Similarly adjusted, preterm birth (compared to full-term birth) was associated with lower FEV 1 /FVC and FEF 25-75% . Thus, associations of lower birth weight, especially in boys, and prematurity with poorer lung function at 17.5 years were found. Identifying underlying mechanism might contribute to the improvement of pulmonary health and the prevention of adult respiratory illness. 75% )) in extreme preterm births while fewer studies have focused on lung function in late preterm births 6, 19, [22] [23] [24] [25] [26] .
The developmental origins of health and diseases (DOHaD) hypothesis emphasizes the role of poorer early growth, particularly in the first 1000 days, in non-communicable diseases (NCDs) 1 . Observationally poorer intrauterine experiences, proxied by birth weight or premature birth, are adversely associated with many aspects of adult health, including poorer lung function [2] [3] [4] [5] [6] . Lung function contributes both directly to chronic diseases via lung diseases and indirectly as a cardiovascular-related risk factor 7, 8 , with potentially a causal role of forced expiratory volume 9 .
The DOHaD hypothesis has major implications for the care of mothers and babies. The DOHaD hypothesis largely rests on observational evidence from Western settings, which can be a very effective guide to action, for example as regards the harms of smoking 10 . On the other hand, there have been occasions when observational evidence has not been such a reliable guide, for example as regards the effects of hormone replacement therapy or vitamins 11, 12 , likely because of residual confounding. Observational studies of birth attributes are open to confounding by maternal smoking, maternal overweight and lower socioeconomic position, which are also associated with worse birth outcomes and many health-conditions, including poorer lung function [13] [14] [15] [16] . Birth weight also depends on gestational age which may not always be accurate, particularly in studies from before the routine use of ultrasound dating scans, when prematurity may be related to lower lung function [17] [18] [19] [20] . The DOHaD hypothesis that early life is the critical period for respiratory health also does not consider evolutionary biology life history trade-offs, where early survival to reproductive age could trade-off against adult health including respiratory function. Lung function tracks throughout life 21 . Observationally, birth weight is inversely associated with indicators of restrictive lung function (forced vital capacity (FVC)) but evidence is weaker for the association of indicators of obstructive patterns (lower FEV 1 /FVC) in adults 5 . Previous studies have shown airway obstruction (lower FEV 1 , FEV 1 /FVC and forced expiratory flow between 25% and 75% of the pulmonary volume (FEF 25- Data source. The current study utilizes a population-representative Chinese birth cohort from Hong Kong, "Children of 1997", covering 88% of all births between April 1 and May 31, 1997, as described elsewhere 38 . At the infant's first visit for free vaccinations and postnatal preventive care at all Maternal and Child Health Centers (MCHCs) in Hong Kong, 8237 mother-infant pairs were enrolled in an 18-month study to examine the association of environmental smoking with infant health 39 . Maternal characteristics (materal age at delivery and maternal smoking), family characteristics (education and residency status) and infant characteristics (birth weight, gestational age, parity and sex) were parent-or-career reported using a self-administered questionnaire in Chinese. Socioeconomic characteristics, such as parental occupation, household size and monthly household income were also reported. The study was resurrected as a birth cohort in 2005, with record linkage to Maternal and Child Health Center (MCHC) clinical records of growth and development including weight from birth to 5 years, and height from 3 months (with 96% success matching, n = 7999). In 2008-2012, active follow-up via three postal and/or telephone surveys was conducted. In 2013-2016, a Biobank clinical follow-up was conducted including anthropometrics, and a health check. Lung function was measured by spirometry (SpiroBank G Spirometer with WinspiroPRO software) and cleaned according to the American Thoracic Society/European Respiratory Society (ATS/ERS) criteria 40 . All lung function measurements were performed in a standing position with normal breath at rest before each test. Forceful slow inhalation and quick exhalation were performed not more than six times for at least three acceptable blows according to the ATS/ERS criteria, and the flow-volume curves with data were recorded. Any blow with a curve that did not resemble the ATS/ERS criteria predicted graph was considered as unacceptable and discarded. The spirometric curves with the maximum sum of FVC and FEV 1 were selected.
Exposures.
Given the birth weight in our population representative cohort is lower than the WHO standard, the WHO standard is not suitable for measuring the body size at birth in our study, hence we considered birth weight as internal sex-and gestational age-specific z-scores (standard deviation score) for singletons in this population-representative birth cohort 41, 42 . Gestational age was calculated from the interval between expected and actual date of delivery. Preterm birth was defined as birth before 37 completed gestational weeks. Using the most commonly used cutoffs (10th and 90th percentile in singletons), we categorized sex-and gestational age-specific z-score for birth weight into small-for-gestational age (SGA), appropriate-for-gestational age (AGA) and large-for-gestational age (LGA) 43 .
Outcomes. The outcomes were lung function as FVC, FEV 1 , FEF 25-75% and FEV 1 /FVC, measured at ~17.5 years. Z-scores of these spirometric indices were based on the Global Lung Function Initiative (GLI) reference 44 , which has specific age-, height-and sex-equations for South East Asians based on data from Hong Kong, southwest China, Taiwan and Thailand (collected in 1996-2002) and the Hong Kong reference 45 .
Statistical analysis. Baseline characteristics of the participants included and excluded were compared using
Cohen's w and Cohen's d effect size, for categorical variables and continuous variables, where <0.1 and <0.2, respectively, indicate small differences between groups 46 . Analysis of variance (ANOVA) was used to compare birth weight, birth weight z-score and gestational age by potential confounders. Locally weighted scatterplot smoothing (LOWESS) curves were used to visualize the associations of birth weight and prematurity with lung function. Multivariable linear regression was used to examine adjusted associations of exposures and outcomes. Differences by sex were assessed from the significance of the relevant interaction term adjusted for confounding interactions. Potential confounders considered, i.e., common causes of birth weight or gestational age and lung function at ~17.5 years, included birth order, maternal birthplace, maternal smoking, maternal age at delivery, and parental socioeconomic position (including household income, highest parental occupation at recruitment and highest parental occupation). Potential mediators, such as breastfeeding, age of puberty, respiratory infections, weight and smoking, which might mediate the effect of birth weight on lung function but not cause birth weight were not included as confounders to avoid over adjustment 47 . To illustrate the potential effect of height, we present 2 models with different adjustment. Model 1 adjusted for confounders. Model 2 additionally adjusted for height in the sensitivity analysis using lung function in original units (Table S2 ). We only included singletons.
To predict missing values for gestational age (0.48% missing) and potential confounders (0.48% to 12.6% missing), multiple imputation based on additive regression and predictive mean matching was used. The regression model for multiple imputation incorporated exposures, outcomes and potential confounders, and interaction terms. To account for the probability of exclusion, inverse probability weighting was used to minimize possible selection bias induced by participants without valid lung function measurements. The inverse probability weights were calculated based on a logistic regression model with predictor variables including the exposures and Table 1 . Comparison of baseline characteristics for those with and without spirometry at ~17.5 years in Hong Kong's "Children of 1997" birth cohort.
the measured potential confounders after multiple imputation 48 . The single estimated β coefficients (mean difference) and 95% CI were summarized from 10 imputed datasets using Rubin's rules and the inverse probability weights. Statistical analyses were conducted using R version 3.3.1 (R Foundation, Vienna, Austria).
Results
As of January, 2017, 29 of the original 8327 cohort participants had permanently withdrawn and were excluded. Of the remaining 8298 participants, 6850 were considered potentially contactable for the Biobank clinical follow-up in 2013-2016. Of these, 3460 attended and completed the lung function test. Lung function curves for 415 participants failed the lung function acceptibility criteria and were excluded, leaving 3030 with valid lung function. Among these 3030, mean birth weight was 3156 grams for girls and 3234 grams for boys. Gestational age was 39.0 weeks on average, 136 (4.5%) were preterm with an average gestational age of 34.8 weeks, of whom 99 (72.8%) were born after 34 gestational weeks. Birth weight and gestational age in the participants with and without valid lung function data did not differ (Table 1) . They also had similar maternal and socioeconomic characteristics ( Table 1) . Table 2 shows birth weight was positively associated with birth order, but was not clearly associated with maternal age or socioeconomic position. Lower gestational age was associated with higher parental education and older maternal age at delivery, but was not clearly associated with birth order, maternal smoking, household income or highest parental occupation. Those with native-born mothers had lower birth weight and gestational age than those whose mothers were born elsewhere.
Characteristics

Gestational age (week)
Birth weight (kg) Generally positive linear associations of birth weight in the normal range with FEV 1 , FVC and FEF 25-75% were found in boys and girls using LOWESS curves ( Fig. 1 ), but not with FEV 1 /FVC ratio. Gestational age of less than 39 week was positively associated with FEV 1 /FVC ratio and FEF 25-75% , but associations with FEV 1 and FVC was less clear. The slope of birth weight for gestational age z-score with FEV 1 and FVC was slightly steeper in boys than girls, with a significant sex-interaction (Table S1 ). Similar associations were seen for LOWESS curves of lung function using z-scores, but no clear difference by sex was seen for the slopes (Fig. 2) . The associations of birth weight with FEV 1 (p-value for interaction 0.02) and FVC (p-value for interaction 0.01) differed by sex, with stronger positive associations in boys than girls, adjusted for age, socioeconomic position and maternal and infant characteristics ( Table 3 ). Birth weight was similarly positively associated with FEF 25-75% in boys and girls. Birth weight was not associated with FEV 1 /FVC ratio. Similarly, LGA (compared to AGA) was associated with higher FEV 1 , FVC and FEF 25-75% and SGA was associated with lower FEV 1 , FVC and FEF 25-75% but not with FEV 1 /FVC ratio. These associations were more evident in boys. This pattern remained after additionally adjusting for height, with the estimate slightly attenuated towards the null (Table S2) . A consistent pattern of associations was found in the sex-specific analysis of lung function z-scores based on the sex-, age-and height specific equations from the GLI references (Table 4 ). The sex difference was not clear in analysis of z-scores (Table S1 ), although the positive associations of birth weight with FEV 1 and FVC appeared stronger in boys than girls ( Table 4 ).
The associations of gestational age and preterm birth with lung function did not differ by sex, with no clear association of gestational age with lung function (Table S1 ). Preterm birth (compared to full-term birth) was associated with lower FEV 1 /FVC ratio and FEF 25-75% (Table 5 ). This pattern remained after additionally adjusting for height, with similar effect size (Table S2 ). Consistent results were found after converting lung function into z-scores (Table S4 ).
Discussion
In this developed non-Western setting with little confounding by socioeconomic position, inverse associations of birth weight with lung function, assessed by FEV 1 , FVC and FEF 25-75% at ~17.5 years were evident, particularly in boys. These findings are consistent with previous meta-analysis of observational studies from Western settings 4,5 but add by showing boys to be more sensitive to birth weight. Given lung function z-scores are sex-specific, www.nature.com/scientificreports www.nature.com/scientificreports/ sex-differences in the associations of birth weight with lung function z-scores was attenuated. Similar to previous findings 4 , these associations remained after adjusting for height, suggesting that the association of birth weight with lung function is independent of height. Inconsistent association of birth weight with FEV 1 /FVC were observed in several previous studies 5 , while our study showed no association. Prematurity was inversely associated lower FEV 1 /FVC and FEF 25-75% and our previous study in this cohort showed preterm infants more prone to asthma 49 , these findings suggests impaired airway development in preterm births, which is consistent with other findings in late adolescence 19, 20, 22 .
In animal experiments, sheep and lambs with intrauterine growth restriction (IUGR) have structurally and functionally impaired lung development, suggesting that insults which cause IUGR may detrimentally affect the lungs resulting in persistent alternation in structure and function in later life [50] [51] [52] [53] . Discrepancies also exist in the concentrations of surfactant proteins between IUGR and AGA human infants 54, 55 . Alternatively, lower birth weight may represent less muscle mass even in adulthood which might reduce forced expiratory airflow 56, 57 . Extremely premature newborns are born with fewer enlarged alveoli with thicker alveolar walls and hence their immature lung cannot function normally (with reduced effective gas exchange surface area) at birth, which may result in long-term lung functional abnormalities in later life 58 . Late preterm births are born at the late saccular stage of lung development when the lung volume and surface area is developing rapidly. Delivery during this period may also result in a less mature lung at birth and dysregulate alveolar development. Infants with immature lungs and poor airway function may be more susceptible to respiratory diseases after birth, which are also linked to worse lung function in late adolescence and early adulthood 17, 18, 59 . Other exposures that might lead to preterm birth, such as adverse maternal nutritional status, hypertensive disorders and overweight during pregnancy, might also affect airway development in utero 60 . Finally, poorer maternal lung function, for whatever reason, could result in both poorer birth outcomes and poorer offspring lung function. Apart from the negative exposure causing preterm birth, preterm births are more likely to receive neonatal intensive care, among which some interventions such as mechanical ventilation and oxygen therapy were associated with adverse respiratory health, abnormal lung growth and development 61 . www.nature.com/scientificreports www.nature.com/scientificreports/ Stronger associations of birth weight with poor lung function in boys than girls have been observed before 62, 63 Boys are more vulnerable to respiratory diseases than girls 64, 65 , but why this should affect particularly lower birth weight boys is unclear. Alternatively, androgens may adversely affect surfactant production coupled with the later start of pulmonary surfactant production in male fetuses 66 , which might make lighter boys more vulnerable. Finally lower birth weight may reduce muscle mass more in men than women 56, 67 , possibly with corresponding effects on respiratory function via the respiratory muscles. Mechanistic studies are needed to distinguish between these possibilities so as to identify the best interventions to protect lung function in lower birth weight boys.
Although our study was conducted in a non-western setting with less obvious social patterning of birth weight and prematurity, several limitations exist. First, selection bias may exist, however, those with and without lung function had similar baseline characteristics (Table 1) . Additionally, inverse probability weighting should help to recover the original sample based on measured covariates, thereby minimizing potential bias. Second, Table 3 . Associations of birth weight and gestational age with lung function in original units at ~17.5 years by sex in Hong Kong's "Children of 1997" birth cohort (After inverse probability weighting and multiple imputation). Abbreviations: SGA, small-for-gestational age; AGA, appropriate-for-gestational age;
LGA, large-for-gestational age; FEV 1 , forced expiratory volume in 1 second; FVC, forced vital capacity; FEF 25-75% , forced expiratory flow at 25-75% of the pulmonary volume. a Model 1: Adjusted for age, birth order, maternal age at birth, maternal smoking, maternal birthplace, and parental social-economic positions (SEP, including household income, the highest parental occupation at recruitment and the highest parental occupation). b Apart from the adjustment in footnote a, adjusted for gestational age. c For average gestational age (39 weeks), the mean for birthweight of girls and boys are 3377 grams and 3433 grams respectively, and the SD for birthweight of girls and boys are 374 grams and 421 grams respectively. *Statistically significant association with lung function at the 0.05 level. # Statistically significant interaction with sex on FEV 1 and FVC. 68 . Nevertheless, key confounders including maternal smoking and socioeconomic position were adjusted for in this study and hence our associations are unlikely to be explained by socioeconomic position or related attributes. Third, poorly reported gestational age without information from ultrasound scans might result in misclassification, which is likely to be small and non-differential because the information was reported by the main caregivers shortly after birth when gestational age looms large. Fourth, we did not assess potential mediators, such as diet and physical activity, and some potential parental confounders, such as maternal nutrition status. Fifth, the internal sex and gestational age specific z-scores for birth weight in the extremely preterm children (≤28 weeks) might be less accurate due to the small sample size of the very preterm births. Replication in other settings with birth weight and gestational age little confounded by socioeconomic factors, or re-examination using Mendelian Randomization accounting for maternal genetics is warranted to confirm the causal effects.
Conclusions
In a population with minimal confounding by socioeconomic position, birth weight was inversely associated with FEV 1 , FVC and FEF 25-75%, particularly among boys, indicating lower birth weight may reduce lung function mainly in the airway capacity at 17.5 years. In contrast, prematurity was associated with lower FEV 1 /FVC and FEF 25-75% , indicating preterm birth may impair airway development, which suggests increasing vulnerability to obstructive lung diseases. As such, our study suggests that both lower birth weight and prematurity may have long-lasting effects on lung function, which may be particularly detrimental for men. Table 5 . Associations of birth weight and gestational age with lung function in original units at ~17.5 years in Hong Kong's "Children of 1997" birth cohort (After inverse probability weighting and multiple imputation). Abbreviations: SGA, small-for-gestational age; AGA, appropriate-for-gestational age;
LGA, large-for-gestational age; FEV 1 , forced expiratory volume in 1 second; FVC, forced vital capacity; FEF 25-75% , forced expiratory flow at 25-75% of the pulmonary volume. a Adjusted for sex and confounders in Model 1: age, birth order, maternal age at birth, maternal smoking, maternal birthplace, and parental social-economic positions (SEP, including household income, the highest parental occupation at recruitment and the highest parental occupation). b Apart from the adjustment in footnote a, adjusted for gestational age. c For average gestational age (39 weeks), the mean for birthweight of girls and boys are 3377 grams and 3433 grams respectively, and the SD for birthweight of girls and boys are 374 grams and 421 grams respectively. *Statistically significant association with lung function at the 0.05 level. # Statistically significant interaction with sex on FEV 1 and FVC.
